Given the large number of bridges that currently have no instrumentation, there are 7 obvious advantages in monitoring the condition of a bridge by analysing the response of a vehicle 8 crossing it. As a result, the last two decades have seen a rise in the research attempting to solve the 9 problem of identifying damage in a bridge from vehicle measurements. This paper examines the 10 theoretical feasibility and practical limitations of a drive-by system in identifying damage 11 associated to localized stiffness losses. First, the nature of the damage feature that is sought within 12 the vehicle response needs to be characterized. For this purpose, the total vehicle response is 13 considered to be made of 'static' and 'dynamic' components, and where the bridge has experienced 14 a localized loss in stiffness, an additional 'damage' component. Understanding the nature of this 15 'damage' component is crucial to have an informed discussion on how damage can be identified 16 and localised. Leveraging this new understanding, the authors propose a wavelet-based drive-by 17 algorithm. By comparing the effect of the 'damage' component to other key effects defining the 18 measurements such as 'vehicle speed', the 'road profile' and 'noise' on a wavelet contour plot, it is 19 possible to establish if there is a frequency range where drive-by can be successful. The algorithm 20 uses then specific frequency bands to improve the sensitivity to damage with respect to limitations 21 imposed by Vehicle-Bridge vibrations. Recommendations on the selection of the mother wavelet 22 and frequency band are provided. Finally, the paper discusses the impact of noise and road profile 23 1 Corresponding author, email address: d.hester@qub.ac.uk 2 on the ability of the approach to identify damage and how periodic measurements can be effective 24 at monitoring localised stiffness changes. 25 26 42 change in the physical properties (e.g., a localised or global loss of stiffness) will cause detectable 43 changes in the modal properties [4].
Introduction

27
With the increasing interest in drive-by monitoring to identify damage in a bridge, this paper 28 presents a timely theoretical examination of the merits and potential limitations of the approach. 29 Here, drive-by monitoring refers to recording vehicle acceleration signals as the vehicle passes over 30 a bridge and then analysing these signals to identify damage in the bridge. To set the context of the 31 study this introduction is broken in three sub-sections. Section 1.1 gives a brief overview of the area 32 of bridge Structural Health Monitoring (SHM), section 1.2 looks specifically at the area of drive-by 33 inspections and finally section 1.3 describes the objectives of this paper. 34 35 1.1 Bridge SHM 36 Mufti et al. [1] argue that SHM can reduce the cost of maintenance of existing bridges by providing 37 owners with information that will enable them to carry out the most effective repair. Vibration-38 based condition monitoring techniques, typically used in SHM to discern information about the 39 bridge, have been discussed in several reviews [2, 3] . Essentially these approaches work by tracking 40 changes in the modal parameters of the structure (e.g. frequencies and mode shapes). The latter are 41 determined by the physical properties of the structures such as stiffness and mass, therefore any In other words, this paper aims to highlight those scenarios where drive-by monitoring is 141 portentially fesiable and also to identify scenarios were the performance of a drive-by system is 142 likely to be limited. The purpose of this section of the paper is to demonstrate that if a vehicle crosses a bridge that has 147 experienced a localised loss of stiffness, the axle response signals (i.e. displacement, velocity and 148 acceleration signals) will contain a characteristic feature denoting bridge damage. 149 150 When a sprung vehicle is travelling on a general section of roadway, the vertical displacement of 151 the axle (and its time domain derivatives, i.e. velocity and acceleration) is primarily governed by 7 two factors: (i) undulations in the road profile and (ii) the inertial forces in the vehicle-axle system. 153 On the other hand, when a sprung vehicle is crossing a bridge, the total displacement of the axle (at 154 time 't') can be thought of as being made up of three displacements due to: (i) road profile (dr(t)), 155 (ii) inertial forces (di(t)), and (iii) the displacement of the bridge immediately under the axle (db(t)). 156 From the point of view of bridge damage detection, any information about the condition of the 157 bridge will be contained in the db(t) part of the axle response signal. Therefore, before trying to The response of the bridge immediately under a moving point force is theoretically simulated to 171 demonstrate the existence of a characteristic feature (of bridge damage) in the db(t) part of the axle 172 signal. The bridge is modelled as a discretised simply supported finite element beam model, and the 173 response of the beam to a moving load is solved using the matrix differential equation given in Eq. 174 (1) [37] . 175 
M a(t) + C v(t) + K y(t) = f(t)
(1) 176 where y(t) is a vector containing the displacement and rotation of the degrees-of-freedom of the 177 model, and v(t) and a(t) their velocities and accelerations respectively. M, C and K are the consistent global mass, global damping and global stiffness matrices of the bridge. Damping is 179 typically low in bridges and its effect on the forced response is neglected here. The bridge model is 180 composed of 40 1D discretised beam elements that are assembled into the global matrixes. The 181 elemental stiffness and mass matrices for 1D beam elements are well known and can be found in 182 various text books (e.g. [38] ). The Wilson-theta method is the numerical integration technique used 183 to solve Eq. (1) [16] with a time step ∆t of 0.0005 seconds. 184 185 Localised damage is introduced in the FEM via a localised loss of stiffness in the vicinity of a 186 simulated crack. The stiffness reduction method proposed by Sinha et al [12] is used in this paper to 187 model the effect of a crack. This method assumes a gradual loss of bending stiffness that extends 188 1.5 times the depth of the beam at both sides of the crack (Fig. 1) . Earlier work on damaged beams 189 has looked at rectangular beams, where the ratio of crack height (h) to beam depth (d) (denoted as 190 delta in this paper) has often been used to portray the severity of the damage, e.g. [14, 34] . Using 191 delta as a measure of damage severity preserves consistency with previous published work and 192 permits meaningful comparison of results. Delta values of 0.1 and 0.2 signify 73% and 51% 193 respectively of the 2 nd moment of area of a healthy rectangular section. The same equivalency 194 between delta and associated percentage of the healthy 2 nd moment of area value is preserved for 195 the beam sections used in this paper. The response of the damaged beam to a moving load are found 196 to concur with those published by [14, 39] . Young's modulus of 3.5x10 10 N m -2 is adopted which leads to a first natural frequency of 2.88 Hz 204 for the healthy structure. To understand why there is a characteristic damage feature in the displacement response as a force 222 crosses the damaged bridge, it is useful to break the total displacement response under the point 223 load (Fig. 2(a) ) into a number of components, namely 'H static', 'dynamic' and 'damaged' (see Even when dealing with point force acceleration signals (rather than the more complicated sprung 293 axle accelerations), identifying damage can be a challenging task because 'as seen in Fig. 2 Mexican Hat wavelet. Firstly, the Mexican hat wavelet has been used successfully by other authors 398 [14, 16] to identify bridge damage when analyzing directly measured bridge acceleration response 399 to a moving load, therefore applying them to the axle acceleration signal of a crossing vehicle 400 seemed like a sensible approach. Secondly, the shape of the Mexican had wavelet (shown in Fig.   401 7(a)) is somewhat similar to the shape of the damage feature in Fig. 3 , and it was felt that using an 402 analysing wavelet similar in shape to the feature to be identified increased the probability of 403 identify the damaged feature. Fig. 7 (b) shows the Gauss 2 wavelet, which due to its relativity 404 similar shape to the damage feature in Fig. 3 , is also expected to be a suitable wavelet. The plots in Fig. 4 are for a load speed of 6 ms -1 and it can be seen that there is a broad range of 436 scales (500-1300) that can be used to identify damage. However, it is important to understand that 437 the frequency of the 'damage' component is affected by the speed of the load. Fig. 9(a) frequency of the bridge (see Fig. 4 ). The significance of this is that, for sufficiently high load 447 speeds, the 'damage' component will have the same frequency as the (much larger) 'dynamic' 448 component ( Fig. 2(f Modelling the response of a VBI system is complex as there are two sub-systems (the moving 502 vehicle and the bridge), that interact with each other via the contact forces that exist between the 503 wheels and the bridge surface. Therefore, the problem is coupled and time dependant [51] . It is 504 necessary to solve both subsystems while ensuring compatibility at the contact points (i.e., The range of scales used to detect damage in Fig. 13 goes from 700 to 1300. The lower scale limit 552 was chosen so as to avoid interference from the main bridge frequency (see Fig. 4 results. This time there is a clear peak at x(t)/L=0.66, which shows that the lower and upper limit 576 scale ratios observed on the 40 m bridge (for a vehicle speed of 6 ms -1 ) are also effective for the 30 m bridge when the vehicle speed is 6ms -1 . However, it should be noted that the upper and lower 578 limit scale ratios listed above can only be used as guidelines and need to be applied with caution. 
Testing damage detection algorithm on axle accelerations from VBI model with a rough
588 road profile. 589 The irregularities of the road profile have a big influence on the axle's acceleration signal and 590 therefore these irregularities also affect the ability of a drive-by approach to identify damage. ISO 591 8608 ( BS7853:1996) [57] classifies the roughness of a road profile into one of classes 'A' 592 (excellent) to 'E' (very poor). A theoretical road profile of a given roughness class is generated 593 according to Cebon [48] for use in numerical simulations. Fig. 15(b) shows the acceleration signal 594 of axle 1 when the bridge has a crack of delta=0.3 at 0.33L and the vehicle is travelling at 6 ms -1 on 595 the class 'A' road profile shown in Fig. 15(a) . If the acceleration signal in Fig. 11(b) (when the 596 vehicle is travelling on a smooth profile), is compared to the acceleration signal in Fig. 15(b The normalized wavelet coefficient technique described in section 4.2 is applied to the acceleration 606 signal shown in Fig. 15(b) and the result is shown as the heavy dotted plot (delta=0.3) in Fig. 16 . 607 The solid plot (delta=0.0) in Fig. 16 is the result of analyzing the axle 1 acceleration signal when 608 the bridge was healthy. Unlike the situation when the vehicle was travelling on a smooth profile 609 ( Fig. 13) , this time there is no clear peak evident as the load passes over the damaged section. It can 610 be seen that the delta=0.0 and delta=0.3 plots are basically indistinguishable from one another so 611 the inclusion of a road profile has rendered damage undetectable using the current approach.
613
To understand why the inclusion of a road profile has such a detrimental effect on the ability of the 614 technique to identify damage, it is useful to look back at Fig. 13 . Although the plots in Fig. 13 are 615 the result of analyzing axle acceleration signals, it is important to understand that the source of the 616 peak in the delta=0.3 plot in Fig. 13 is actually the small extra displacement experienced by the axle 617 as it crosses the damaged bridge, relative to what it experiences when it crosses the healthy bridge. 618 From Fig. 2(d) , it can be seen that in this case, this extra displacement is of the order of 0.1 mm, 619 however, the road profile in Fig. 15(a The road profile appears to govern the results of the wavelet analysis. This can be 630 demonstrated by calculating the acceleration response of a notional particle travelling over the 631 'solid' profile shown in Fig. 15 (a) at 6 ms -1 . 'Solid' in this instance signifies that no allowance is 632 made for bridge deflection, and in this theoretical exercise no uplift of the particle is allowed. When 633 the acceleration of this notional particle is analysed using the normalized wavelet coefficient 634 technique, the dashed plot (particle) in Fig. 16 is obtained. This dashed plot is very similar to the Therefore to identify damage it would be necessary to develop an approach that would allow us to 642 separate the parts of the wavelet surface that are due to road profile from those that are due to 643 damage. In principle, this could be achieved using an existing axle acceleration record (i.e., from a 644 previous test) where the structure is presumed healthy. Admittedly, in practice, this could be 645 difficult to implement, however, the aim of this study is to examine the merits and limitations of the 646 approach so for the purposes of this paper it is assumed feasible as this allows us to examine other 647 potential limitations. Having a previous acceleration signal from the presumed healthy bridge 648 allows the calculation of a 'datum' wavelet surface. In all subsequent tests the axle acceleration is 649 recorded and the 'current' wavelet surface is calculated. To remove the effect of road profile the 650 'datum' wavelet surface is simply subtracted from the 'current' wavelet surface. Here, the result of 651 the subtraction is referred to as the 'residual' wavelet surface. By applying the technique described 652 in section 4.2 to the residual wavelet surface a plot of the normalized wavelet coefficients (similar 653 to those seen in Figs. 13 and 16) can be achieved and these are shown in Fig. 17 (Note that the 654 results shown in Fig. 17 assume that a datum wavelet surface from the healthy bridge is available, i.e., delta=0.0). To generate Fig. 17 , axle acceleration signals are simulated for the following bridge SNR of 70, the plots are very similar to the noise free case (Fig. 17) in that when the structure 682 remains undamaged (delta=0.0), the plot of the normalised wavelet coefficients shows no dominant 683 peaks. Also once damage occurs, a dominant peak is observed at the 1/3 point of the span, with the 684 height of the peak increasing for more severe damage. 685 When the level of noise is increased to a SNR of 50, there are no dominant peaks for delta=0.0, 686 so it can be established that there has been no loss of stiffness since the datum reading was taken. 687 However, the delta=0.0 plot in part (b) of Fig. 18 is noticeably less smooth than the corresponding 688 plot in part (a), and this is due to the increased noise in the acceleration signals. When small damage 689 of delta=0.1 takes place, the plot in Fig. 18(b) does exhibit a small peak at the damage location, 690 however the peak is not particularly dominant relative to the rest of peaks in the plot so the damage 691 is not reliably identified. This shows that the presence of noise can mask small levels of damage and 692 produce misleading peaks. For larger levels of damage (delta=0.2 and delta=0.3), the plots in Fig.   693 18(b) reveal clear peaks at the damage location which demonstrates that larger damage can still be 694 detected for SNR=50. In the case of SNR=20, the noise has a detrimental effect on the ability of the 695 approach to identify damage as not even delta=0.3 can be identified. The reasons for the poor 696 performance are essentially two fold. Firstly, the 'damage' component is very small relative to the 697 amplitude of the total acceleration signal and given that noise is added in proportion to the 698 amplitude of the total acceleration signal, the noise shrouds the presence of damage. Secondly, the 699 datum reading (which is included to overcome the impact of road profile) also contains noise, so in 700 a sense any increase in noise has a doubly negative impact on the approach. In an effort to see if the 701 impact of noise could be remediated by doing average results over multiple runs, 10 noisy signals 702 were simulated, but the resulting plots were actually very similar to those shown in Fig. 18(c) .
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[Insert Fig. 18] 
Influence of Datum
707
After establishing the limitations of the method with respect to noise, this section examines the 708 sensitivity of the method to the selected datum. If the proposed method is applied to existing 709 structures, it is possible that a subset of these structures will already have experienced a localized 710 loss in stiffness, therefore the datum reading for his subset of structures will not correspond to a 711 healthy state. However, it is found that even if the datum reading is taken on a bridge that is not in 712 pristine condition, it will still allow a subsequent loss of stiffness to be identified. For example, a 713 situation is assumed where a datum reading is taken in Year 1 on a bridge that has already 714 experienced a delta=0.1 crack at the 1/3 point of the span. Then, in Year 2 there is only minor 715 deterioration as the severity of the crack increases to delta=0.12, but in Year 3 circumstances are 716 such that there is a substantial further deterioration such that the severity of the crack reaches 717 delta=0.22. Fig. 19 shows plots of the normalized wavelet coefficients for the assumed patterns of 718 localized loss stiffness in Years 1 (delta=0.1), 2 (delta=0.12) and 3 (delta=0.22). In producing Fig.   719 19, the datum acceleration signal (Year 1) as well as all subsequent acceleration signals (Years 2 & 720 3) have a SNR of 70. None of the peaks are dominant in the plot for Year 2, which indicates that 721 there has been no significant stiffness degradation since the datum reading was taken. However, in 722
Year 3, the peak at x(t)/L = 0.33 is dominant which indicates that there has been a substantial 723 stiffness loss at this location since the since the datum reading was taken. This peak would flag a 724 warning to the bridge manager for further investigations at this location to confirm the occurrence 725 and exact extent of the stiffness loss. proposed in previous research, has appeared to be insufficient to detect damage. As a result, the 756 authors have employed a more elaborate 2D wavelet analysis (wavelet coefficients versus scale and 757 time) to seek for the damage in the frequency-time domain. During the investigation, it has been shown that those mother wavelets with a shape closer to the 'damage' component have provided 759 best results. Damage has been extracted within a scale band (as opposed to a single scale) to reduce 760 the negative impact associated with vibrations due to VBI. Using the more elaborate technique, 761 bridge damage has been identified by a distinctive peak at the weakened portion of the bridge. This reading was available (e.g., a wavelet surface from last year when the bridge was assumed healthy), 775 it is possible to identify damage. In particular, the drive-by algorithm has shown to successfully 776 detect damage for a class 'A' profile and damage severity as low as delta=0.1 when a datum is used 777 as reference. Here, it has been assumed that the road profile has not changed significantly. 778 Otherwise, the datum needs to be re-calibrated. The approach has also proved to perform 779 satisfactorily for signals corrupted with SNR of 70 (1.43% noise). When SNR has been increased to 780 50 (2% noise), it is not possible to distinguish delta=0. 
